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Objective: The aim of the study was to investigate the association of T2 relaxation times of the knee with
early degenerative cartilage changes. Furthermore the impact of unloading the knee on T2 values was
evaluated.
Methods: Forty-three patients with knee pain and an ICRS (International Cartilage Repair Society)
cartilage defect grade 2 were examined with 3 T magnetic resonance imaging (MRI). Morphological
cartilage grading was based on high-resolution proton-density (PD), turbo-spin-echo (TSE) and three-
dimensional (3D) isotropic True fast imaging with steady-state precession (FISP) images of slices
covering the cartilage layer above the posterior horn of the meniscus. T2 maps were calculated from
a multi-echo, spin-echo (MESE) sequence, performed at the beginning and at the end of the scan (time
interval 40 min). Inﬂuence of cartilage defect grading on deep, superﬁcial, and global T2 values as well as
on T2 values for zonal variation was assessed using analysis of variance (ANOVA) and Spearman rank
correlation test. Differences among both T2 measurements were compared using paired t-test.
Results: Global and superﬁcial T2 values signiﬁcantly increased with cartilage defect grade regardless of
the time elapsed from unloading (global T2: ICRS grade 0, 38.9 and 40.1 ms; grade 1, 41.2 and 44.5 ms;
grade 2, 47.7 and 53.4 ms; P¼ 0.041 and 0.008) with stronger correlation for second T2 measurement. In
contrast there were no signiﬁcant differences among grades in the zonal variation at any time. Signiﬁcant
differences for T2 values between the two subsequent measurements were consistently found.
Conclusion: T2 mapping might be a sensitive method for the detection of early cartilage degeneration.
From our results we would recommend to measure T2 after unloading.
 2010 Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.Introduction
Osteoarthritis (OA) is a widespread disease1 and a major public
health burden2. The pathogenesis is multifactorial and heteroge-
neous. However the disease is generally associated with
a progressive loss of hyaline articular cartilage. Early changes of
cartilage comprise proteoglycan loss, increase of water content, and
disorganization of the collagen network3. To monitor such early
changes and the efﬁcacy of potential drug therapies for OA,
a sensitive non-invasive diagnostic method will be essential.: S. Apprich, Department of
Highﬁeld MR, Lazarettgasse
.at (S. Apprich).
Elsevier Ltd on behalf of OsteoartIn contrast to plain radiographs, which depict narrowing of the
joint space or gross osseous changes4, magnetic resonance imaging
(MRI) directly visualizes the articular cartilage. Nevertheless stan-
dard MR sequences do not yet allow for a quantiﬁcation of early
degenerative changes5 although speciﬁc quantitative MRI tech-
niques are now advancing5e8. Quantitative T2 mapping has been
reported as a technique to visualize cartilage collagen concentra-
tion and water content9. Focal increases in T2 relaxation times in
cartilage have been associated with matrix damage, particularly
a loss of collagen integrity and an increase in water content10.
However, the sensitivity and robustness of T2 mapping at different
stages of cartilage degeneration remain unknown11.
The purpose of this study was to determine the correlation
between T2 mapping and low-grade morphological changes in
cartilage, as revealed by high-resolutionMRI. We also evaluated thehritis Research Society International.
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relaxation times, which have been described to increase from the
subchondral bone to the articular surface. Furthermorewe assessed
the differences between T2 mapping at the beginning and at the
end of the MRI examination protocol representing different states
of unloading of the knee with the patient in supine position in
between.
Materials and methods
Patient population
Between April 2007 andMarch 2009, the Department of Trauma
Surgery referred 92 patients with suspected cartilage lesions to our
institution and requested a standard MRI examination for the
whole knee. From this pool, we included in this analysis all patients
with at least 18 years of age and a lesion suspected at the medial
femoral condyle. The defect of the cartilage layer above the
posterior horn of the meniscus was limited to 75% of the full
thickness to allow for a valid quantitative T2 evaluation. Patients
with deformities, malalignment of the lower extremity, knee injury
within the previous 3 months, and a meniscal tear that extended to
the surface (grade 3) were excluded12,13; furthermore patients with
lesions at the lateral condyles, as there were too few, were excluded
also. Eventually, 43 patients (17 females and 26 males; age range,
24e57 years; mean age, 36.9 years) were eligible to enter this
retrospective analysis. Ethics approval for this study was provided
by the ethics commission of the Medical University and all patients
gave written informed consent to use their anonymised data.
MR imaging protocol
MRI was performed on a 3.0 T whole body MR scanner (Mag-
netom TimTrio, Siemens Medical Solutions, Erlangen, Germany),
with a gradient strength of 40 mT/m, using an eight-channel knee
array coil (IN vivo, Gainesville, FL, USA). Special care was taken to
ensure that all patients were carefully positioned with the knee
joint in the center of the coil and extended. The knee was tightly
ﬁxed with ﬁtting cushions to avoid motion.
The MR imaging protocol consisted of a sagittal, multi-echo,
spin-echo (MESE) T2 acquisition that has previously been used14e16
(Table I).
All appointments were made between 8 am and 12 am. Prior to
the MRI, patients were asked to perform daily routine activities and
to come by foot to the MRI suite on time, to standardize loading of
the knee joint. The delay between lying down for the MR exami-
nation and the beginning of the ﬁrst T2 map sequence was limitedTable I
Speciﬁcations of the MRI protocol
Sequence 3D True FISP PD TSE T2 map
Repetition time (ms) 8.86 2400 1200
Echo time (ms) 3.82 38 13.8, 27.6, 41.4,
55.2, 69, 82.8
Field of view (mm) 160 160 120 120 160 160
Matrix 384 384 512 512 384 384
Pixel size (mm) 0.4 0.4 0.4 0.2 0.2 2 0.4 0.4 3
Section thickness (mm) 0.4 2 3
Slices 320 per slab 24 12
Flip angle () 28 160 180
Bandwidth (Hz/pixel) 200 244 228
Number of excitations 1/slab sel. / /
Echo train length / 76 per slice /
Parallel acquisition GRAPPA/two times / GRAPPA/two times
Examination time 6:47 6:11 4:09to less than 5 min in all patients. At this time, the cartilage layer was
believed to be unloaded for the ﬁrst time (early unloading).
For 35 patients, identical T2 measurements were performed
a second time about 40 min later at the end of the examination (late
unloading) to evaluate the effect of unloading over time. For eight
patients, a second T2 measurement was not possible due to time
limitations.
In between the two T2 relaxation time measurements, high-
resolution morphological MRI was performed. For this purpose,
a three-dimensional (3D) True fast imaging with steady-state
precession (FISP) sequence17e19 was obtained for the whole knee in
the coronal plane and reformatted in the sagittal plane; a high-
resolution proton-density (PD), turbo-spin-echo (TSE) sequence
was obtained for the medial condyle in the sagittal plane. Addi-
tional sequences were performed, but not included in the evalua-
tion of this study.
The MR parameters for these sequences are displayed in Table I.
Image analysis
Previous studies have proposed analyzing T2 relaxation time in
weight-bearing regions on the basis of the margins of the
meniscus20,21. To deﬁne the same anatomical region in every
patient, the cartilage layer of the medial femoral condyle above the
posterior horn of the meniscus was chosen as the region of interest
(ROI), representing an area of full weight-bearing, as well as the
area where cartilage lesions and subsequent cartilage repair
surgeries are often found. By assessing the same region in every
patient, the inﬂuence of the magic angle effect was uniform for all
subjects22.
At the ROI, the cartilage was morphologically graded on the PD
TSE sequence, in combination with a 3D True FISP sequence17e19,
according to a modiﬁed ICRS classiﬁcation system from 0 to 4
(0: normal cartilage without notable defects; 1: cartilage with an
intact surface and without tissue-loss, but ﬁbrillation and superﬁ-
cial ﬁssures; 2: defects that extended deep, but less than 50%; 3:
lesions that extended more than 50% of the cartilage thickness; and
4: defects that extended into the subchondral bone23). For our
analysis, the most severe lesion of the cartilage layer above the
posterior horn of the meniscus was chosen for the grading and the
T2 assessment.
To ensure that the morphological grading made on high-reso-
lution PD TSE images corresponded to the chosen slice on the T2
map, header information and anatomical landmarks were
compared; furthermore morphological and T2 sequences were
planned with the same orientation on the same set of localizers.
Due to different slice thicknesses of the T2 map and PD TSE
sequences, an isotropic 3D True FISP sequence was drawn on for
comparison to conﬁrm the morphological grading.
Additionally the whole medial condyle was graded for the most
severe defect.
T2 relaxation times were obtained from on-line reconstructed
T2 maps using a pixel-wise, mono-exponential, non-negative least
squares (NNLS) ﬁt analysis (MapIt, Siemens Medical Solutions,
Erlangen, Germany). Global (from the subchondral bone to the
superﬁcial surface) quantitative T2 values were manually assessed
on T2 maps of the corresponding slices for the most severe defect.
In addition to the evaluation of global mean T2 values in the
cartilage site above theposteriorhornof themeniscus, an assessment
of the deep and superior sections was made to display the possible
impact of cartilage degeneration on the zonal variation of T2.
For this zonal evaluation, the ROIs were divided into two equal-
sized deep and superﬁcial parts and zonal variation was calculated
by subtracting the deep T2 values from the superﬁcial T2 values.
The thickness of each zone (deep and superﬁcial) was set to at least
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appearing cartilage layer, ROIs analysis was performed on three
consecutive slices and mean T2 values were calculated through the
three slices for each patient. ROI analysis was performed by an
experienced senior musculoskeletal radiologist (23 years of expe-
rience in musculoskeletal MRI), in consensus with an orthopedic
surgeon with a special interest in musculoskeletal MR imaging (8
years of experience).
Examples of PD TSE MR images and corresponding T2 maps are
shown in Figs. 1 and 2.
To assess the stability of T2 measurements in comparison to the
hypothesized effect of unloading in cartilage, 30 ROIs were drawn
in the gastrognemius muscle at both time points and included in
the analysis.
Arthroscopy
Based on clinical examination and MRI ﬁndings, 11 patients
were referred for arthroscopy. These 11 patients served as a stan-
dard of reference for the morphological evaluation of the articular
cartilage. For this purpose, surgical reports and arthroscopic videos
were reviewed and cartilage lesions were graded analogously to the
MR images using the ICRS classiﬁcation. If different grades of
cartilage lesions were present in the articular cartilage, the worst
lesion was used for grading. Based on the known limitations of
arthroscopy in the differentiation of ICRS grades 2 and 3, these
grades were merged together in the statistical evaluation24.
Statistical analysis
Inﬂuence of cartilage defect grading on deep, superﬁcial, and
global T2 values as well as T2 values for zonal variation (subtraction
of deep minus superﬁcial T2) was assessed using an analysis of
variance (ANOVA). The association of T2 values and defect grade
was investigated with a Spearman’s rank correlation analysis.
Separate analyses were performed for the ﬁrst and the second
measurement. Differences between ﬁrst and second measurement
were tested for signiﬁcance using a paired t-test. T2 values for the
muscle were compared using the same analysis.Fig. 1. Sagittal PD TSE MR image (left) shows healthy articular cartilage (ICRS grade 0) above
good visible zonal variation [low T2 values in the deep zone (1) and higher T2 values in the
been enlarged in each image.Statistical evaluation was performed using SPSS (version 17.0,
SPSS institute, Chicago, IL, USA) for Windows assuming statistical
signiﬁcance at a level of P< 0.05.
Sensitivity, speciﬁcity, and accuracy in the detection of cartilage
defects were calculated using arthroscopy ﬁndings as the standard
of reference.
Results
ROI analysis was performed on 43 medial condyles (mean ROI
size for global layer: 354 pixels). In 14 patients (32.6%), the cartilage
was graded as morphologically normal (ICRS grade 0), ﬁve patients
(11.6%) were classiﬁed to have an ICRS grade 1 lesion, and 24
patients (55.8%) to have an ICRS grade 2 lesion. In those 35 patients,
with both T2 measurements, we found 12 patients with ICRS grade
0, ﬁve with ICRS grade 1 and 18 with ICRS grade 2.
T2 relaxation times signiﬁcantly increased with the morpho-
logical cartilage defect grade in the global and superﬁcial layer
regardless of the loading status (Table II). In contrast, a statistical
signiﬁcant change of apparent T2 in the deep layer was only found
for late unloading, whereas for early unloading a trend for an
increase was found. There were no signiﬁcant differences among
grades in the zonal variation at any time. T2 values were signiﬁ-
cantly higher in the superﬁcial than in the deep layer regardless of
the cartilage defect grade and the loading state (Figs. 1 and 2).
Spearman rank correlation of T2 values and cartilage defect grades
showed a stronger association for late unloaded T2 values
compared to early unloaded T2 values, highest for late unloaded
superﬁcial T2 values (r¼ 0.620; P¼ 0.0001) (Table III).
T2 values were also consistently higher in the late as compared
to the early unloading status, most strikingly in the superﬁcial layer
(Table II). No signiﬁcant changewas found formean T2 values of the
gastrognemius muscle over time (T2, early vs late unloading:
35 3.1 vs 34.5 2.7 ms; P¼ 0.127).
In total, 11 patients showed no cartilage defect on the whole
medial condyle on morphological MRI. An analysis for mean T2
values from the ﬁrst measurement for each patient is shown in
Table IV. Notably three patients showed global T2 (45.7 ms;
46.6 ms; 43.7 ms) higher than the mean for patients with an ICRSthe posterior horn of the meniscus. The corresponding color coded T2 map (right) with
superﬁcial zone (2)]; the cartilage layer above the posterior horn of the meniscus has
Fig. 2. Sagittal PD TSE MR image (left) shows injured articular cartilage (ICRS grade 2) above the posterior horn of the meniscus. On the right side the corresponding T2 map shows
increased T2 values, in particular, for the superﬁcial layer (2); the zonal variation is still preserved.
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second T2 measurement, which revealed even more enhanced
global T2 values (48.6 ms; 45.8 ms).
The review of arthroscopy as the standard of reference revealed
a sensitivity of 100%, a speciﬁcity of 50%, and an accuracy of 91% for
morphological evaluation with MRI.
Table V shows the MR and surgical ﬁndings.Discussion
Early diagnosis of cartilage degeneration would require the
ability to non-invasively detect changes in glycosaminoglycaneTable II
Mean T2 values [ms] for the global, deep, and superﬁcial cartilage layer as well as
zonal T2 values above the posterior horn of the meniscus. 95% conﬁdence intervals
are shown in parentheses (lower limit/upper limit). *P-values show the inﬂuence of
the cartilage defect grading on the T2 values using ANOVA. Differences between ﬁrst
and second measurement were tested for signiﬁcance using a paired t-test
(**P-value)
ICRS-grade 0 (n¼ 14y/12z) 1 (n¼ 5y,z) 2 (n¼ 24y/18z) *P-value
Global layer
Early unloadingy 38.9 (34.7/43.1) 41.2 (32.9/49.6) 47.7 (42.9/52.4) 0.041
Early unloadingz 38.3 (34.0/42.6) 41.2 (32.9/49.6) 50.7 (44.8/56.5) 0.006
Late unloading 40.1 (36.8/43.3) 44.5 (34.3/54.6) 53.4 (46.8/60.0) 0.008
**P-value 0.186 0.028 0.110
Deep layer
Early unloadingy 31.4 (27.2/35.7) 33.0 (22.8/43.3) 39.5 (34.1/44.1) 0.078
Early unloadingz 31.1 (26.3/35.9) 33.0 (22.8/43.3) 41.8 (35.5/48.0) 0.061
Late unloading 32.1 (27.8/36.4) 36.0 (23.6/48.4) 42.5 (35.3/49.8) 0.043
**P-value 0.612 0.038 0.706
Superﬁcial layer
Early unloadingy 46.4 (41.1/51.7) 49.4 (41.0/57.9) 56.0 (51.1/61.3) 0.046
Early unloadingz 45.5 (40.2/50.7) 49.4 (41.0/57.9) 59.6 (53.4/65.7) 0.004
Late unloading 48.0 (43.8/52.2) 52.9 (41.8/64.1) 64.2 (57.4/71.1) 0.002
**P-value 0.015 0.068 0.006
Zonal variation
Early unloadingy 14.9 (10.5/19.5) 16.4 (7.9/24.9) 16.6 (13.8/20.5) 0.835
Early unloadingz 14.4 (9.2/19.5) 16.4 (7.9/24.9) 17.8 (13.4/22.2) 0.557
Late unloading 15.9 (10.5/21.3) 17.0 (4.9/29.0) 21.7 (16.7/26.6) 0.248
**P-value 0.346 0.708 0.021
y For patients with only ﬁrst T2 measurement.
z For patients with both T2 measurements.(GAG) concentration and collagen integrity before gross morpho-
logic changes occur5. Gold et al., reporting the current best
approach to evaluate OA, suggested that a combination of high-
resolution morphological images and biochemical MRI techniques
would be most useful10.
To our knowledge, our study is the ﬁrst one to compare different
cartilage defect grades, assessed by high-resolution morphological
images, with quantitative zonal T2 mapping obtained with 3 T
during unloading of the knee joint.
Our study has shown that the average T2 values for the deep,
superﬁcial, and full-thickness cartilage layers increase signiﬁcantly
with increasing cartilage defect grade, as seen on high-resolution
morphological images. This increase has also been described in two
previous studies that compared healthy volunteers and patients
with varying degrees of OA5,20. It seems reasonable to assume that
the breakdown of the collagen network associated with a subse-
quent decreased anisotropy of the collagen ﬁbers and increased
water content is responsible for this increase, as proposed by
several former studies6,9,25e27.
In addition to the increase in T2 values with increasing cartilage
defect grade as mentioned above, three additional important facts
were gained from our study:
1. After patients rested for 40 min in the scanner, with no
compression forces to their knees, the T2 values of the cartilage
layers increased signiﬁcantly with increasing cartilage defect grade.
This was similarly to the results of the ﬁrst measurement; however,
the T2 values obtained from the second measurement were even
more increased, especially the T2 values for the superﬁcial layer,
whereas the T2 values of the muscle remained unchanged.Table III
Spearman rank correlation analysis; P-values are provided in parentheses: * indi-
cating statistical signiﬁcant correlation (P< 0.05)
ICRS-grade
Early unloading Late unloading
Global layer 0.386 (0.012)* 0.557 (0.0001)*
Deep layer 0.367 (0.017)* 0.390 (0.023)*
Superﬁcial layer 0.364 (0.018)* 0.620 (0.0001)*
Zonal variation 0.030 (0.849) 0.176 (0.318)
Table IV
Mean T2 values for the deep, superﬁcial, and global cartilage layers of patients who
were graded as healthy on the whole medial condyle on high-resolution morpho-
logical MRI (early unloading). Note the three patients (bold) found to have higher T2
values, compared to the mean T2 values of patients with ICRS grade 1 (mean
41.2 ms)
Pat. Nr. Deep layer (ms) Superﬁcial layer (ms) Global layer (ms)
3 19 36.4 27.7
10 33.8 57.5 45.7 > ICRS 1
15 25.7 41.1 33.4
22 43.8 49.3 46.6 > ICRS 1
27 22.9 28.9 25.9
29 29.3 37.4 33.3
32 25.1 49.6 37.3
35 30.2 38.6 34.4
39 22.4 36.1 29.2
40 22.1 42.4 32.2
43 38.3 49.1 43.7 > ICRS 1
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ular, the diseased articular cartilage of the superﬁcial layer, reab-
sorb water from the synovial ﬂuid, resulting in more increased T2
values. This is supported by the signiﬁcant change in the zonal
differences in the late unloading condition andmay be explained by
the higher water content, through reabsorption, in the higher
grades of cartilage injury, particularly in grade 2, where cartilage
defects in our study affected up to 25% of the cartilage layer,
whereas the deep portion, with its isotropic collagen ﬁber orien-
tation, remained relatively intact.
The importance of different forces that affect the physiological
status of the cartilage has already been under investigation by
Mosher and colleagues21 and Nishii et al.28. They have shown that
loading of the knee joint, by a running exercise or by compressive
loading to the knee joint during MR imaging, causes a signiﬁcant
decrease in the T2 values of the articular cartilage. Greater anisot-
ropy of the superﬁcial collagen ﬁbers was suspected to be the cause
of this decrease. Whether these differences in T2 mapping under
unloading conditions, as described in our study, or under loading
conditions, as shown in the studies mentioned above, are caused by
a reﬂux or an efﬂux of water, or by a change of collagen ﬁber
orientation in the superﬁcial cartilage layer, remains unclear.
Perhaps with a better understanding of the molecular changes that
account for the different T2 values, T2 mapping under standardized
loading and unloading conditions may provide further information
about the detection of cartilage defects and OA.
However, it should be noted that physiological loading and
unloading of the knee joint can alter T2 relaxation times for the
articular cartilage. Thus, in future studies, the time point and
loading conditions when the T2 map is measured are essential for
understanding the signiﬁcance of the T2 values.Table V
Diagnostic performance for the detection of cartilage defects. Arthroscopic ﬁndings
were used as the standard of reference
Pat. Nr. MR grading Arthroscopic grading
1 3 2 True positive
2 2 3 True positive
7 3 2 True positive
11 2 3 True positive
12 2 3 True positive
14 2 0 False positive
19 2 2 True positive
20 2 2 True positive
34 3 3 True positive
37 4 4 True positive
43 0 0 True negative2. Normal articular hyaline cartilage illustrates a predictable
zonal variation in T2 relaxation times with increasing T2 values,
from the subchondral bone to the articular surface29e32. In the deep
zone of normal hyaline cartilage, the collagen ﬁbers run perpen-
dicular to the cortical surface. Toward the articular surface, the
ﬁbers have a more oblique or random orientation that causes
a different mobility for water protons in this partly anisotropic
tissue9. Changes inwater content and changes in collagen structure
caused by hyaline cartilage degradation alter this orderly transition
of T2 values in cartilage20,33. In two recent studies, White et al.34
and Welsch et al.16 assessed T2 zonal variations within the ROIs
and used the measurements as an additional tool to characterize
cartilage repair tissue. In our study, we found a different perfor-
mance for apparent T2 in the deep and superﬁcial layer within
increasing defect grades. While superﬁcial T2 relaxation times
increased signiﬁcantly independent from unloading state, the deep
layer of T2 relaxation times remained unaffected within the ﬁrst
measurement. Notably, the deep layer seems to become enhanced,
based on the results of the second measurements. However zonal
variation stayed stable through the different ICRS grades. These
ﬁndings imply that up to ICRS grade 2, zonal variation, as described
for healthy cartilage, is still preserved. This parameter, which has
been used for the differentiation of hyaline-like and ﬁbrocartilage
repair tissue after surgery16,34, behaves differently in the evaluation
of cartilage defects. Whereas after cartilage repair surgery, a matu-
ration of repair tissue could be monitored by the development of
zonal variation, in degenerative cartilage, the zonal variation in T2
values is sustained up to ICRS grade 2.
3. The three patients in our study who were initially graded on
morphologicalMRI as healthy and subsequently were found to have
higher T2 values, compared to the mean T2 values of patients with
cartilage defect grade ICRS 1, attracted our attention. A possible
explanation might be that the in-plane resolution of our morpho-
logical images is insensitive for the detection of very early cartilage
defects classiﬁed by the ICRS classiﬁcation system, although our
pixel size of 200 mm is smaller than that claimed by Rubenstein and
colleagues. They suggested a pixel size smaller than 300 mm to
reliably show superﬁcial alterations of articular cartilage35. Perhaps
another explanationmight be that quantitative T2mapping is more
sensitive to early articular cartilage defects than the morphological
MRI, which shows damage only at stages when cartilage tissue is
irreversibly lost36. The increased T2 values in a quantitative T2 map
might be an indication of increased water content, and an early
alteration in the molecular structure of the collagen network.
Further studies are necessary to conﬁrm whether these focally
increased T2 relaxation times could be a possible predictive value
for early cartilage degeneration.
A limitation of the present study is the fact that by dividing the
cartilage lesions into three different grades, we assessed a relatively
small number of patients in some subgroups and a second T2
measurement was not possible in all patients. A further limitation is
the fact that only about a quarter of patients had undergone
arthroscopy. However, our high-resolution morphological images
showed a high sensitivity and speciﬁcity for the detection and
classiﬁcation of cartilage defects. Moreover, the lack of longitudinal
data for these three patients, suspected of having very early carti-
lage defects based on increased T2 relaxation times, limits this
study. In addition, evaluation of T2 relaxation times was only per-
formed for the medial femoral condyle, as too few patients were
available with suspected lateral condyles to perform signiﬁcant
statistical evaluation. It would also have been of interest, as
proposed byMosher and Darzinski in their multi-spectral paradigm
for identifying “cartilage at risk”9, to add a technique, such as
dGEMRIC, to the MRI protocol, which also depicts the GAG
content37. Based on the limited number of patients our study was
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assessment of loading for zonal variation. However, differences for
the deep layer could be obtained, which potentially impact the
zonal assessment. Measuring the effect of unloading on the thick-
ness of the cartilage, as shown by Mosher et al.38 after loading
would have been of interest, but appropriate software for thickness
measurements was not available.
In conclusion, our study has shown that T2 relaxation times
increase with increasing cartilage defect grade, especially the T2
values of the superﬁcial layer, although the zonal variation is still
present, even in higher grades of cartilage degeneration. Loading
and unloading of the knee joint do inﬂuence T2 values, and the time
point at which the T2 map is measured during the MRI protocol
must also be considered. Whether quantitative T2 mapping can be
a potential marker for the early onset of OA must be assessed in
future follow-up studies. From our results wewould recommend to
measure apparent T2 after unloading.Author contributions
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